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BaMoO4 crystals were obtained by a co-precipitation
method, and their structures were characterized by X-ray
diffraction and Rietveld refinement techniques. Field emis-
sion scanning electron microscopy was utilized to inves-
tigate the morphology of the as-synthesized aggregates.-
Through systematic first principle calculations within the
density functional theory method at the B3LYP level, we in-
vestigated the structure; the surface stability of the (001),
(101), (110), (100), (111), and (112) surfaces; and the morpholog-
ical transformations of BaMoO4. The relative surfaces en-
ergies were further varied to predict a complete map of the
available morphologies through a Wulff construction ap-
proach. This revealed that the obtained experimental and
theoretical morphologies coincided when the surface en-
ergy values of the (001) surface decreased while those of the
(100) and (101) facets increased simultaneously. Analysis of
the surface structures showed that the electronic proper-
ties were associated with the presence of undercoordinated
[BaOx] (x= 4, 5, and 6) and [MoOy] (y= 3) clusters. The pre-
sented results provide a comprehensive catalog of the mor-
phologies most likely to be present under realistic condi-
tions, and will serve as a starting point for future studies on
the surface chemistry of BaMoO4 crystals.

1 Introduction

Barium molybdate (BaMoO4) is a prototypical member
of the molybdate family with a scheelite-type tetrag-
onal structure. This compound has been prepared by
a plethora of synthetic routes including solid-state
reactions, Czochralski techniques, spontaneous crys-
tallization, microwave-assisted synthesis, hydrothermal
synthesis, co-precipitation, microemulsion, and com-

plex polymerization. [1–15] Of these procedures, co-
precipitation has been demonstrated to be one of the
most effective approaches to synthesize inorganic com-
pounds with interesting morphologies and regular parti-
cle size. [16–23].

The morphology of a given material is related to the
stability of their various corresponding exposed surfaces,
which can be rigorously described by their surface en-
ergies. In this context, first principle calculations have
been gradually developed and employed for the study of
crystal morphology. This has enabled the understanding
of the atomic and electronic properties of a crystal sur-
face, which has provided some insight into the features
of single crystal facets relevant to subsequent technolog-
ical applications. [24, 25] In particular, these applications
for BaMoO4 can be further enhanced or optimized by tai-
loring the surface atomic structures. [26–28].

It is well known that the morphologies of BaMoO4

are sensitive to the synthesis conditions, and a num-
ber of different shapes of BaMoO4 crystals have been
synthesized and studied such as penniform-like, [29]
flower-like, [30] nest-like, [31] and shuttle-like [32, 33]
shapes. Our group are engaged in a research project
devoted to developed and apply a working method-
ology, based on the joint use of experimental findings
and first-principles calculations, to obtain the elec-
tronic, structural and energetic properties controlling
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Fig. 1 Rietveld refinements of the BaMoO4 crystals synthesized at
80 °C using the co-precipitation method. ), XRD pattern using Cu
Kα radiation (λ = 1.5406 Å) in a 2θ range from 10° to 110°.

the morphology and the transformation mechanism
of complex crystals. Very recently this strategy has
been used in BaWO4 crystals. [34] This work follows a
joint experimental and theoretical strategy on another
scheelite based material, BaMoO4 crystals, to obtain a
complete map of the morphologies available for this
material. In addition, based on these results, we are able
to rationalize how the different surfaces change their
energies throughout the synthesis process, and we are
able to propose the path by which the experimental and
theoretical morphologies of BaMoO4 can match.

This paper is divided into three sections. Next, our
results are presented and discussed and our main con-
clusions. Next, our results the experimental details and
the computational model and method used, are summa-
rized in the final section.

2 Results and discussion

2.1 X-Ray diffraction measurements and Rietveld
refinements

Figure 1 shows the Rietveld refinement plots for the
observed patterns versus the calculated patterns of
the BaMoO4 crystals obtained using a co-precipitation
method.

The measured diffraction patterns were well adjusted
to the ICSD N°. 250487. [35] All the diffraction peaks can
be readily indexed to the pure scheelite-type tetragonal
structure of BaMoO4 (space group: I41/a). No additional
phase peaks were observed in the resolution range, in-

dicating that the pure tetragonal phase BaMoO4 can be
obtained. The strong and sharp diffraction peaks sug-
gested the synthesized crystals were well-crystallized. To
confirm that the structure of the BaMoO4 crystals was
tetragonal and to determine the lattice parameters, cell
volume, and atomic coordinates, a structural refine-
ment using the Rietveld method was performed for the
BaMoO4 crystals.

The quality of the structural refinement was checked
using the statistical parameters Rwp, RBragg, Rp, and χ2

(12.50%, 5.78%, 8.67% and 1.36%, respectively). The
low deviations of these parameters, which indicates the
good quality of the structural refinement and numerical
results. A previous work, including structural refinement
data, showed that all the (Ba1-xSrx)MoO4 crystals were
crystallized in a scheelite-type tetragonal structure with
the I41/a space group, and four molecular formula per
unit-cell (Z = 4). [35] Our results (a, b = 5.5830(9) Å, c =
12.8270(7) Å) closely agree with the lattice parameters
reported for x = 0 of the solid solution, namely a, b =
5.58483(2) Å, c = 12.82922(9) Å. Variations in the atomic
coordinates related to oxygen atoms were observed in
Table 1. This is possible because the Ba and Mo positions
were fixed by the crystal symmetry and only the atomic
positions for oxygen were refined. [36].

Figure 2 illustrates a schematic representation of a
single conventional 1×1×1 cell for BaMoO4. The lattice
parameters and atomic positions were confirmed using
Rietveld refinement to model this unit cell. In terms of
cluster organization, the Mo atoms are surrounded by
four oxygen atoms [MoO4] in a tetrahedral configuration
and Ba atoms are surrounded by eight oxygen atoms in a
deltahedral configuration [BaO8]. [8].

For comparison purposes, the calculated and experi-
mental values of the lattice parameters (a and c) and the
atomic coordinates of the oxygen atoms are presented in
Table 1.

These results are in good agreement with previous
experimental observations and calculations. [14, 35, 37–
44]. In addition, theoretical and experimental results can
be compared with previous studies of other scheelite-
type materials, [45, 46] where the calculations describe
precisely the evolution of the crystal structure on pres-
sure phases and help to understand the electronic and
structural properties.

2.2 Surface study

The surface energy values, Esurf, for (001), (101), (110),
(100), (111), and (112) surfaces were calculated in order
to correlate the theoretical and experimental studies.
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Table 1 Calculated and experimental values of the lattice parameters (a and c) and atomic coordinates x, y, z of the oxygen.

Cell parameters Oxygen coordinates

Data a (Å) c (Å) x y z

Theo. (this work) 5.5927 12.4055 0.2311 0.1218 0.0460

Exp. (this work) 5.583(09) 12.827(07) 0.233(29) 0.126(67) 0.057(48)

Exp. [35] 5.5848 12.8292 0.2283 0.1353 0.0489

Theo [37, 38] 5.5364 12.7153 - - -

Exp. [39] 5.5479 12.7432 - - -

Exp. [40] 5.5622 12.8188 - - -

Exp. [41, 42] 5.5877 12.8067 - - -

Exp. [43] 5.573 12.786 - - -

Exp. [44] 5.580 12.810 - - -

Ep. [14] 5.5802 12.821 - - -

Interatomic distance(˚A) Calculated Experimental Difference

Ba-O 2.7249 2.718(40) −0.006

Ba-O 2.7610 2.848(42) 0.087

Mo-O 1.7855 1.708(97) −0.076

Fig. 2 A polyhedral representation of the BaMoO4unit cell. The lo-
cal coordination corresponding to thedeltahedral [BaO8] and tetra-
hedral [MoO4] clusters is depicted for both the Ba and Mo atoms,
respectively.

Surface energy is defined as the energy per unit area
required for forming the surface relative to the bulk and
is calculated according to:

Esur f = Eslab − nEbulk

2A

where Eslab is the total energy of the 2D slab, nEbulk is
the energy of the corresponding amount of the bulk
BaMoO4 units, and A represents the surface area, which
is created on each side of the 2D slab and is repeated
periodically. After the corresponding optimization pro-
cess and convergence tests in thickness, slab models
consisting of four molecular units containing 24 atoms
were obtained. All these surfaces are presented in figure
3 with the coordination number, i.e., clusters of the most
exposed Ba and Mo atoms.

Considering the surface atom distributions, we note
that the surfaces (101), (111), and (112) are exposed to a
vacuum by the Mo and O atoms, while the (001), (100),
and (110) surfaces are exposed by the Ba and O atoms.
Exposed Mo atoms can be coordinated to three or four
oxygen atoms, forming [MoO3] or [MoO4] clusters, re-
spectively. Exposed Ba atoms can be coordinated to four,
five, or six oxygen atoms, forming [BaO4], [BaO5], or
[BaO6] clusters, respectively.

Analysis of the results shows that the most stable sur-
face, the (001) surface, presents exposed [BaO6] clusters,
corresponding to the presence of two oxygen vacancies
compared to the bulk. However, in the (100), (110), (101),
and (111) surfaces there are undercoordinated [BaO5]
clusters associated to the presence of three oxygen
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Fig. 3 Schematic representations of surfaces: a)
(001), b) (112), c) (100), d) (110), e) (101), and f) (111). The
values for the Ba–O andMo–O bond distances of the
exposed Ba and Mo atoms are given in Å.
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vacancies. On the (112) surface there are four oxygen va-
cancies, i.e., undercoordination at [BaO4]. Only the (111)
surface presents [MoO3] clusters, implying a breaking of
a Mo–O bond compared to the bulk. Since the bonding
interaction of a Mo–O bond is stronger than a Ba–O
bond, the stability of this surface is reduced compared
to the rest of the surfaces.

2.3 Morphologies of the BaMoO4 crystals

The conventional approach to the quantitative study of
morphology is through the determination of the surface
energy of each surface, as defined by the Wulff construc-
tion [47–49] using the ab initio calculated surface en-
ergies. From the Wulff construction, it is derived that
the surfaces with the lowest surface energies control the
crystal morphology of BaMoO4. [42, 43].

The FE-SEM images of the BaMoO4 crystals synthe-
sized at 80 °C by the co-precipitation method are shown
in figure 4. The micro-structured BaMoO4 crystals were
obtained immediately after the reaction between the
(Ba2+) and (MoO4

2-) ions. The speed of nucleation was
very fast.

The BaMoO4 crystals exhibited a large quantity of
particles with an agglomerate nature and polydisperse
sizes. The particles were of a considerable length with
a surface with many notches and well-formed perpen-
dicular branches (see figure 4).

The order of the stability of the BaMoO4 surfaces ac-
cording to the theoretical calculations is (001) > (112) >

(100) > (110) > (101) > (111) and the ideal morphology
of BaMoO4 is controlled by (001), (112), and (100), be-
ing their contribution 15.1%, 70.9%, and 14.0%, respec-
tively. Based on the results of the experimental micro-
graphs (see figure 4), it is possible to modify the ideal
morphology by tuning the values for the surface en-
ergies of the different facets using the Wulff construc-
tion. [47–50] Analysis of the theoretical results showed
that when the relative stability of the facets changes (in-
creases or decreases), more than one type of facet will
appear in the resulting morphology. The available mor-
phologies reflecting a change in the values of the surface
energy, i.e., modifying the stability of the surfaces to gen-
erate the corresponding morphology, are depicted in fig-
ure 5. In order to obtain a similar morphology to the ex-
perimental FE-SEM images, the values of the surface en-
ergy for the (001) were increased and the surface energy
for (100) and (101) decreases, simultaneously (see right-
hand side of figure 5).

Recently, Gao et al. [51] reported that the surfaces of
scheelite crystal have predominantly exposed surfaces,

(001), (112), and (100) in the morphologies, with the (112)
crystal surface as the most commonly exposed surface.
[52–54] This result is in agreement with present result
our and whose obtained in the previous study on BaWO4.
[34] A comparison between BaWO4 and BaMoO4 shows
that ideal morphology of both scheelites is similar. How-
ever, the experimental FE-SEM images are different for
both materials, i.e. 99.5% contribution of (112), 0.4% of
(100) and 0.1% of (001) in BaWO4 while 46.5% of (101),
46.9% of (100), 5.8% of (112) and 0.8% of (001) are found
for BaMoO4.

Another important aspect that should be considered
when studying solid materials is a distinction between
the surface energy, Esurf, and the surface tension, σ . The
surface tension is ”surface stress” represented by a work
force per unit area in the surface layer. [55, 56] The sur-
face tension can be obtained using the thermodynamic
stability model described by the equation σ = �Etot/�A,
where Etot is the total energy with contributions from the
particle bulk and surfaces. To calculate Etot, the uniform
dilation with area �A (corresponding to a constant ratio
between the in-plane lattice parameters, x:y) of the struc-
ture must be calculated while optimizing only the in-
ternal parameters (without optimization of the in-plane
cell parameters). Thus, Etot can be calculated as ½(Eslab

- nEbulk) for optimized structures and surfaces after di-
lation. Therefore, by applying two-dimensional dilation
to a slab in the surface plane and calculating the total
energy as previously described, a change in the total en-
ergy (�Etot) after dilation was obtained for a given dila-
tion area. The values for the surface energy and tension
are listed in Table 2.

The results collected in Table 2 show that the surface
(101) presents a low value of surface tension, consistent
with the stability provided by the six-fold coordination of
the Ba atom. Evidence of this was only observed for the
(001) and (101) surfaces.

Growth in the <001> direction, the most stable sur-
face, can be related to the differences in the surface en-
ergy, which can drive the morphology of products with
high tropism. The interaction of small particles may
have promoted growth of the crystals, forming large mi-
crostructures by self-assembly due to Oswald’s ripening,
because so many notches can be seen on the surface of
the crystals. [33, 57, 58].

The surface relaxation energy values, which are
associated with concerted layer breathing due to the
loss of atomic coordination, can be observed in Table
2. The (112) and (110) surfaces are found to be the
most prone to relax. The coordination number of the
exposed Ba atom is reduced to the middle, [BaO4],
compared to the bulk in the (112) surface, while the
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Fig. 4 FE-SEM images of the BaMoO4 crystals.

Table 2 The calculated values of the surface energy, surface tension, change in total energy (�Etot) for the area dilation (�A),
relaxation energy, and gap energy, for each surface.

Surface Esuf (J/m2) �Etot (Hartree) �A (Å2) σ (J/m2) Relaxation (%) Egap (eV)

(001) 0.99 0.035 1.273 0.54 6 5.69

(112) 1.02 0.032 2.385 0.85 62 5.81

(100) 1.17 0.039 2.853 1.04 30 5.38

(110) 1.23 0.033 2.017 1.01 61 5.63

(101) 1.34 0.039 1.562 0.94 37 5.09

(111) 2.23 0.016 4.231 2.51 1 Conductor

[BaO5] cluster has the longest Ba–O distance (2.834 Å) in
(110).

2.4 Band structure for the BaMoO4 bulk and surfaces

The band structures of the BaMoO4 were calculated for
80 k-points along the appropriate high-symmetry paths
of the adequate Brillouin zone. Diagrams of the density
of state (DOS) were obtained analysis of the correspond-
ing electronic structures shown in figure 6.

The calculated band structure and total DOS pro-
jected on atoms for the (001), (112), (100), (110), (101),
and (111) surfaces and the bulk BaMoO4 crystal are
shown in figure 6 (a–g). It can be easily seen that the up-
per valence band is composed predominantly of the O
2p states and the bottom of conduction band is mainly
attributed to the Mo 4d states and the O 2p states. Based
on the literature, AMO4 oxides with a scheelite structure,
such as BaMoO4, contain an M cation exhibiting the clos-
est valence to the nominal value of 6+, showing the cova-
lent property of the crystals, which is mainly contributed
by the Mo–O bond. [39].
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Fig. 5 Crystallographic structures and morphology map for the BaMoO4 crystals (the surface energy units are given in J/m2). The exper-
imental FE-SEM images (inset) are included for comparison.

In relation to the band structures, the differences in
the structural properties of the bulk and the surfaces
can be observed. This is due to the reduced coordina-
tion of the O atoms in the top layers, which causes spac-
ing between the adjacent layers due to vacancies. The
coordination numbers for the exposed metal atoms are
presented in figure 3. The essential features of the differ-
ent surfaces remain constant but significant differences
in the distribution of the electronic states is observed for

the (001), (100), (110), and (101) surfaces, where the re-
duced coordination environment of the surface termi-
nated oxygen atoms gives rise to a split-off feature in
the O 2p and Mo 4d partial DOS at the bottom of the
conduction band. Surface states reduce the bulk band
gap (5.8 eV) by 0.1–0.7 eV depending on the specific sur-
face, as can be observed in Table 2. At this stage, a note
of caution is mandatory, it is well known that DFT ap-
proach underestimates the band gap energy due to its
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Fig. 6 Calculated band structures and DOS for (a) bulk BaMoO4 and the (b) (001), (c) (112), (d) (100), (e) (110), (f) (101), and (g) (112) surfaces.
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independent particle picture. [59–62] All surfaces present
an insulating band gap except for the (111) surface,
which has a large surface energy value and exhibits a
conducting behavior. This can be attributed to the three
oxygen vacancies in the undercoordinated [BaO5] cluster
and one of them in [MoO3] cluster, being the Mo-O inter-
action more covalent than Ba–O interaction. This result
is similar than in scheelite BaWO4 system. [34].

3 Conclusion

Systematic DFT calculations were carried out to study
the structure, surface stability (involving the (001), (101),
(110), (100), (111), and (112) surfaces), and morphologi-
cal transformations of BaMoO4. The experimental sim-
ulations complemented the FE-SEM techniques used
to investigate the morphology of the as-synthesized
BaMoO4 aggregates.

The main conclusions of this work can be summa-
rized as follows. i) A simple preparation route using a co-
precipitation method can provide an effective process to
synthesize inorganic compounds with interesting mor-
phologies and regular particle sizes with an easy han-
dling process and a short reaction time. ii) The building
blocks of the BaMoO4 structure were deltahedral [BaO8]
and [MoO4] clusters, i.e., a local coordination structure
for both the Ba and Mo atoms. iii) The order of stability
of the BaMoO4 surfaces according to theoretical calcula-
tions was (001) > (112) > (100) > (110) > (101) > (111). iv)
The calculated morphology of the BaMoO4 based on the
Wulff construction was (112) (70.9%), (001) (15.1%), and
(100) (14.0%) with the (112) crystal surface as the com-
monly exposed surface. v) The relative energetics of all
the surface structures were modulated to obtain a com-
plete map of the morphologies available for BaMoO4,
which enabled us to identify where the observed mor-
phology from the FE-SEM images was located on this
map. vi) The obtained experimental and theoretical mor-
phologies coincided when the value of the surface energy
for the (001) surface decreased while that of the (100) and
(101) surfaces simultaneously increased. vi) Analysis of
the surface structures suggested that the electronic prop-
erties could be associated with the presence of underco-
ordinated [BaOx] (x = 4, 5, and 6) and [MoOy] (y = 3) clus-
ters. vi) Finally, the present study could serve as an ap-
propriate model to clarify how knowledge about surface-
specific properties could be utilized to design crystal
morphologies that exhibit improved performances in
various applications.

4 Experimental section

Synthesis of the BaMoO4 crystals: BaMoO4 crystals were
synthesized by a simple co-precipitation route at 80 °C.
All chemical reagents were of analytical grade and were
used without further treatment. Sodium molybdate di-
hydrate (1 x 10-3 mol) (Na2MoO4.2H2O, Strem Chemicals,
99.95%) was dissolved in 50 mL of distilled water at 80 °C
with vigorous stirring. Then, barium nitrate (1 x 10-3 mol)
(Ba(NO3)2, Sigma-Aldrich, 99%), solubilized in 50 mL of
distilled water at 80 °C, was added under constant stir-
ring. The pH of the solution was maintained at 7, and the
temperature was maintained at 80 °C. Then, there was
a rapid formation of a white precipitate. This precipitate
was washed with distilled water several times. Finally, it
was collected and dried in a conventional furnace at 323
K for 8 h.

Characterization of the BaMoO4: The phase com-
position of the as-prepared sample was detected by
X-ray powder diffraction (XRD, D/MAX/2500PC, Rigaku,
Japan), operating at 40 kV and 150 mA, Cu Kα radiation (λ
= 1.5406 Å) in a 2θ range from 10° to 110°with a scan rate
of 0.02°/min. Rietveld refinement [63] of the measured
XRD pattern was carried out using the general structure
analysis (GSAS) program. [64] The diffraction peak pro-
files were adjusted using the Thompson–Cox–Hastings
pseudo-Voigt (pV-TCH) function and by an asymmetry
function, as described by Finger et al. [65] The back-
ground was corrected using a Chebyschev polynomial
of the first order. The strain anisotropy broadening was
corrected using the phenomenological model described
by Stephens. [66] A field-emission scanning electron mi-
croscope (FE-SEM, Inspect F50, FEI Company, Hillsboro,
OR) was used to observe the morphology of the particles.

Theoretical Calculations: In this work, we simulated,
considering symmetrical slabs (with respect to the mir-
ror plane), the (001), (101), (110), (100), (111), and (112)
surfaces of BaMoO4. Morphology studies have been car-
ried out on various metal oxides such as PbMoO4, [67]
CaWO4, [68] α-Ag2WO4, [24] and Ag3PO4, [69] as well as
Co3O4, Fe2O3, In2O3, [25] α-Ag2MoO4, [70] and BaWO4.
[34] All these studies have shown a combination of ex-
perimental and theoretical insights into the electronic,
structural, and energetic properties controlling the mor-
phology and transformation mechanisms, and the cor-
responding computational methodology, based on the
Wulff construction, can be found in these papers.

The calculations were carried out with the CRYS-
TAL14 computer program [71] within the framework
of the density functional theory (DFT) with the hybrid
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functional B3LYP. [72, 73] The atomic centers were de-
scribed using the basis sets for the Mo [74] pseudopoten-
tial, and the O [74] and Ba [75] (6-31G* basis set) were de-
scribed by the standards, respectively. The Brillouin zone
was sampled using the Monkhorst–Pack method and at
different k-point grids according to the system size. The
thresholds controlling the accuracy of the calculation of
the Coulomb and exchange integrals were set to 10−8

(ITOL1 to ITOL4) and 10-14 (ITOL5), which assures a con-
vergence in total energy better than 10-7 a.u., whereas the
percentage of Fock/Kohn–Sham matrix mixing was set to
40 (IPMIX = 40). [76].
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and Y. Noël, Crystal 14. University Of Torino: Torino
Italy; (2014). User Manual.

[72] A. D. Becke, J. Chem. Phys. 98, 5648 (1993).
[73] C. T. Lee, W. T. Yang, and R. G. Parr, Phys. Rev. B: Con-

dens. Matter. 37, 785 (1988).
[74] http://Www.Crystal.Unito.It/Basis_Sets/Oxygen.Html,

http://Www.Crystal.Unito.It/Basis_Sets/Molibdenum
.Html.

[75] http://Www.Tcm.Phy.Cam.Ac.Uk/˜Mdt26/Basis_Sets
/Ba_Basis.Txt.

[76] H. J. Monkhorst and J. D. Pack, Phys. Rev. B: Condens.
Matter. 13, 5188 (1976).

644 www.crt-journal.orgC© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


